Antiretroviral therapy (ART) for the treatment of human immunodeficiency virus (HIV) infection represents a major breakthrough in the treatment of HIV/acquired immune-deficiency syndrome. However, it remains unclear how ART influences virus-specific immune responses and understanding this is important for developing novel cure and eradication interventions for HIV-1. In the present study, we evaluate how ART impacts T-cell and antibody responses in simian immunodeficiency virus (SIV) -infected rhesus macaques. We evaluated CD4 and CD8 T-cell responses by multiparameter flow cytometry, viral loads by quantitative RT-PCR by a two-step process using SIV-specific primers and antibody neutralization function by luciferase-based TZM-bl assays. We demonstrate that macaques treated with ART exhibit phenotypic and qualitative effects on T-cell and antibody responses. Macaques on ART exhibited low numbers of virus-specific T-cell responses, and these responses appeared to be partially biased towards central memory subsets. More importantly, there were significantly reduced neutralizing antibody responses in macaques treated with ART. Collectively, these data improve the understanding of how virus-specific immune responses are generated during ART, and suggest the potential importance of therapeutic vaccines to maintain adaptive immunity during treated infection.
Introduction
Human immunodeficiency virus (HIV) affects > 35 million people worldwide. Although antiretroviral therapy (ART) has substantially reduced disease progression and mortality, virus rebounds rapidly following treatment interruption. This is due to the rapid and permanent establishment of the viral reservoir, composed mainly of resting memory CD4 T cells and other quiescent longlived cells. [1] [2] [3] [4] [5] We recently demonstrated using the simian immunodeficiency virus (SIV) model in rhesus macaques that the viral reservoir is rapidly established within the first 3 days of challenge. Administration of ART shortly after a mucosal viral challenge renders the virus undetectable, but this also results in decreased levels of SIVspecific T-cell responses, demonstrating that high viral antigen levels during uncontrolled SIV infection are necessary to prime virus-specific immune responses.
Since uncontrolled viral replication results in accelerated disease progression, various novel approaches have been tested to provide antigen stimulation in the context of ART. Previous studies have investigated the efficacy of therapeutic vaccines to prime virus-specific immune responses in the setting of ART. 6, 7 A therapeutic vaccine approach composed of an adenovirus serotype 26 prime and a modified vaccinia Ankara boost (Ad26/MVA) has been previously shown to elicit robust virus-specific T-cell responses and modest antibody responses. This regimen induced improved virological control after ART discontinuation, highlighting the critical role of cytotoxic T cells in controlling viral rebound. 6 It is not well understood which specific memory T-cell subsets are necessary for controlling viral rebound after treatment discontinuation. CD8 T cells can be divided into various subsets, including effector memory and central memory subsets, which differ in their phenotype, proliferative capacity and cytotoxic ability. Effector memory T cells are characterized by their rapid degranulation, whereas central memory T cells exhibit high proliferative function. 8, 9 A previous study suggested that effector memory CD8 T-cell responses may be critical for controlling viral replication during chronic SIV infection, 10, 11 providing a rationale for evaluating Tcell subset differentiation during ART.
It is not clear how adaptive immune responses are induced during ART, constituting a major gap in our understanding of how therapy affects the host antiviral response. In this report, we show that infection of Indian rhesus macaques with SIV mac251 followed by treatment with ART results in quantitative and qualitative changes in SIVspecific T-cell and B-cell responses. These findings provide an improved understanding of how adaptive immune responses develop during ART, and may provide a framework for future HIV cure and eradication strategies.
Materials and methods

Macaques, infections and treatments
Outbred, Indian, young adult, male and female rhesus macaques (Macaca mulatta) were major histocompatibility complex typed to select those that were negative for the protective Mamu-A*01, Mamu-B*08 and Mamu-B*17 alleles. Macaques were housed at Bioqual (Rockville, MD). Rhesus macaques received 500 TCID 50 of SIV mac251 intrarectally [12] [13] [14] and were bled longitudinally for viral load quantification. All animal studies were approved by the Institutional Animal Care and Use Committee.
Antiretroviral regimen
The antiretroviral regimen was composed of two reverse transcriptase inhibitors, 20 mg/ml of tenofovir and 50 mg/ml of emtricitabine, plus 2Á5 mg/ml of integrase inhibitor dolutegravir diluted with 25% (v/v) polyethylene glycol 400, 15% (w/v) Captisol and 0Á075 M NaOH in H 2 O. The ART cocktail was administered daily at 1 ml/kg subcutaneously. The mixture was clear, at pH 6 and was sterile-filtered and frozen at À20°until each use.
Cellular immune assays
The SIV-specific T-cell responses were assessed by intracellular cytokine staining assays, using Aqua green-fluorescent reactive dye for live-dead exclusion (Invitrogen, Carlsbad, CA; L23101) and using pre-titred antibodies from Becton Dickinson (Franklin Lakes, NJ) against CD3 (SP34; Alexa Fluor 700), CD4 (OKT4; BV711; BioLegend, San Diego, CA), CD8 (SK1; allophycocyanin-cyanine 7), CD28 (L293; BV610), CD95 (DX2; allophycocyanin), CD69 (TP1.55.3; phycoerythrin-Texas red (energycoupled dye); Beckman Coulter), interferon-c (B27; phycoerythrin-cyanine 7 and programmed cell death protein 1 (PD-1) (EH21.1; peridinin chlorophyll-A-cyanine 5.5).
TZM-bl neutralization assays
Neutralization assays were performed in 96-well plates using TZM-bl cells that expressed a Tat-induced luciferase reporter. TZM-bl cells are HeLa cells that express human CD4, CXCR4 and CCR5. We used a laboratory adapted, Tier 1, easy to neutralize SIV pseudotype. This pseudotype contained the HIV-1 SG3 backbone and an SIV envelope derived from SIV mac251 TCLA.15, provided in trans. The luciferase signal was detected with a Victor luminometer (Perkin Elmer, Waltham, MA). The neutralization assay protocol was performed as described previously. 15, 16 Viral RNA assays Viral RNA was extracted from infected plasma using a viral RNA extraction kit from Qiagen (Hilden, Germany). RNA was isolated by phenol-chloroform purification and ethanol precipitation. Quantitative reverse transcriptionpolymerase chain reaction (RT-PCR) was conducted by a two-step process. First, RNA was reverse transcribed using the gene-specific primer sGag-R 5 0 -CACTAGGTGTCTCT GCACTATCTGTTTTG-3 0 . Samples were then treated with RNase H (Stratagene, La Jolla, CA) for 20 min at 37°. We used the forward primer sGag-F: 5 0 -P: 5 0 -CTTCCTCA GTGTGTTTCACTTTCTCTTCTGCG-3 0 , linked to Fam and BHQ (Invitrogen). Quantitative RT-PCRs were carried out on a 7300 ABI Real-Time PCR system (Applied Biosystems, Foster City, CA) in triplicate according to the manufacturer's protocols and using SIV gag RNA standard for viral load calculations. Limit of detection is 50 copies/ml.
Statistical analyses
Statistical analyses were performed using two-tailed nonparametric Mann-Whitney U-tests (unless indicated otherwise) in GRAPHPAD PRISM software version 7 (GraphPad, San Diego, CA).
Results
Effects of ART on T-cell differentiation
We first infected six rhesus macaques intrarectally with 500 TCID 50 of SIV mac251 and followed the kinetics of viraemia and T-cell responses longitudinally. Our data show that the peak of SIV replication is normally around day 14 post-challenge, followed by set-point viraemia after day 35 (Fig. 1a) . Following infection, there was a gradual induction of CD4 and CD8 T cells, which expressed PD-1 (Fig. 1b-d We then evaluated the phenotype of T-cell responses following ART using CD28 and CD95 as cell markers to distinguish effector versus memory T cells. Starting ART on day 10 post-infection resulted in an overall reduction in the frequencies of SIV-specific CD4 T-cell responses (Fig. 2a) , consistent with our previous findings, 1 but we now make the novel observation that ART also has partial effects on T-cell subset differentiation. Rhesus monkeys that received ART on day 10 after challenge exhibited enhanced central memory CD4 T-cell differentiation, characterized by higher expression of CD28 and CD95 on Gag-specific CD4 T cells ( Fig. 2b-e) , although this qualitative observation may have been partially influenced by the low levels of virus-specific T cells in ART-treated macaques. Conversely, uncontrolled infection seemed to exhibit enhanced effector memory CD4 T-cell differentiation ( Fig. 2b-e) . A similar pattern of T-cell differentiation was observed for CD8 T-cell responses ( Fig. 2f-i) . It is important to note that the ART-treated groups at earlier time-points (ART starting at day 3 or day 7 post-infection) exhibited very low frequencies of interferon-c-expressing T cells, rendering it difficult to phenotype T-cell subsets (due to low events in the flow cytometric gates). In addition, the CD8 T cells of monkeys that received ART at day 10 showed decreased PD-1 expression relative to untreated infection (Fig. 3a,b) . Altogether, these findings suggest that ARTtreated SIV infection is associated with a biased central memory T-cell differentiation and decreased levels of inhibitory PD-1 receptor relative to untreated SIV infection.
Effects of ART timing on neutralizing antibody responses
To determine whether ART has an effect on the functional quality of the antibody response in terms of neutralization capacity, we performed luciferase-based TZMbl assays (Tier 1 pseudovirus, SIV mac251 TCLA.15) using plasma samples from macaques that initiated ART at early times following intrarectal SIV mac251 challenge. We initiated ART at days 3, 7, 10 and 14 post-challenge to model hyperacute, acute and post-acute events. ART was interrupted in all groups at day 168 post-infection to examine neutralizing antibody dynamics after viral rebound. Interestingly, untreated macaques generated robust neutralizing antibody responses after 70 days of infection, with ID 50 titres > 10 6 (Fig. 4a) . In contrast, all ART-treated macaques exhibited significant delay in their neutralizing antibody response, which appeared to be more exaggerated in animals that started very early ART (Fig. 4b-f) . Macaques that initiated ART at day 3 post-challenge exhibited 3368-fold lower neutralizing antibody responses, whereas macaques that started ART at day 14 post-challenge exhibited only threefold lower neutralizing antibody responses, relative to untreated macaques. However, after treatment interruption (day 168 post-infection), neutralizing antibody responses rapidly increased, and by later times post-infection, all animals developed neutralizing antibody responses that were comparable to untreated controls and that had reached the upper limit of detection (Fig. 4 ). An interesting aspect from the day 14 ART group is that robust neutralizing antibody responses can be generated within a month of uncontrolled infection and these responses exhibit long-term persistence with only a short period of uncontrolled viral replication. Collectively, these data demonstrated that the induction of robust neutralizing antibody responses is antigen-dependent and more potent in the context of uncontrolled viral replication. We also evaluated neutralization for a difficult-to-neutralize Tier 2 pseudovirus (SIV mac251.30, primary isolate from Norm Letvin's laboratory). However, these data were partially inconclusive, as ART resulted in substantial ART-related background levels (Fig. 5) . After ART interruption (when the levels of ART decline), the levels of Tier 2 neutralizing activity were also not significantly different between the different experimental groups, and approximately half of all the macaques from each group exhibited no neutralizing activity (lower level of detection). These results highlight the difficulty of generating neutralizing antibodies against Tier 2 viruses.
Discussion
Antiretroviral therapy has significantly improved disease outcomes in HIV-infected individuals. Notwithstanding, the rapid seeding of the viral reservoir represents a critical challenge in HIV eradication strategies. Following ART interruption, the virus inevitably rebounds to high levels. 17 Latent infection of CD4 T cells is thought to be a major contributor to the lifelong persistence of HIV. 18 Substantial efforts have been aimed at understanding the nature of the vial reservoir during ART, but little is known about how adaptive immune responses develop during ART. In this study, we analysed various components of adaptive immunity and how they are influenced following ART during an SIV infection in macaques.
It is well established that CD8 T cells play a critical role in controlling viral replication following infection with SIV and other viruses. [19] [20] [21] [22] [23] Recently, it was reported that CD8 T cells are important for controlling also the viral reservoir in the setting of ART. 24 In the present study, we wanted to expand on these observations to understand how CD8 T cells differentiate during ART, and whether these CD8 T cells exhibit a specific memory phenotype. Interestingly, we observed that uncontrolled SIV infection induced mostly an activated effector memory T-cell response, whereas controlled SIV infection in the setting of ART induced a more quiescent central memory T-cell response. It must be noted that these qualitative observations may have been at least partly influenced by the low number of events in the flow cytometry gates of peripheral blood mononuclear cells from ART-treated macaques. The phenotypic differentiation of memory T cells may have profound functional effects. Effector memory T cells exhibit an activated phenotype characteristic of recent TCR stimulation and are poised for rapid target cell killing, homing to non-lymphoid tissues and constitutive glycolytic metabolism, whereas central memory T cells develop after acutely controlled antigen challenges and are characterized by their delayed cytotoxic capacity, homing to lymphoid tissues and improved ability to undergo homoeostatic proliferation. 8, 9, [25] [26] [27] In light of this phenotypic distinction, previous data have suggested that effector memory T cells, which can be induced by replicating cytomegalovirus vaccine vectors, are effective at controlling HIV/SIV challenges, 11, 28, 29 by a mechanism that is dependent on rapid control of virus in tissues immediately upon challenge. Other studies demonstrated that the magnitude of effector T-cell responses in lymph nodes, induced by attenuated SIV vaccines, predicted immune control following SIV infection. 30 Our previous data in a vaccination model of SIV also demonstrate that high antigen loads favour effector memory T-cell differentiation. In one such previous study, we showed that macaques immunized with high vaccine doses exhibit a biased induction of effector memory T-cell response compared with macaques immunized with lower vaccine doses. 31 This suggests that high antigen stimulation during natural infection or vaccination has an impact on the phenotype of T-cell responses, specifically favouring effector memory T-cell differentiation. Whether high vaccine doses, which favour effector memory T-cell differentiation, can result in improved immune protection following SIV challenge (relative to low vaccine doses) remains to be determined.
Our data suggest that by reducing the amount of viral antigen, ART promotes the differentiation of a more quiescent long-lived central memory subset, but this could potentially come at a cost to the host, especially after treatment interruption, given that central memory T cells are not poised for rapid degranulation and cytotoxic killing of infected cells. This suggests the potential importance of therapeutic vaccination strategies to maintain effector Tcell function during ART. Consistent with this, a previous study showed that vaccination with Ad26/MVA and Toll- like receptor stimulation during the onset of ART resulted in a significant delay in viral rebound following treatment interruption. 6 Whether this improved viral control after treatment interruption is caused by the preferential expansion of effector memory T-cell subsets over central memory T-cell subsets remains to be determined.
In the present study, we have evaluated the induction of T-cell responses, including CD8 and CD4 T-cell responses following ART. We then analysed neutralizing antibody responses following ART to achieve a better understanding of how other adaptive immune responses develop during therapy. A previous clinical study in HIV- infected individuals demonstrated a profound increase in HIV-specific antibody responses by enzyme-linked immunosorbent assay after analytical treatment interruption. 32 We have demonstrated a similar increase in antibody responses following analytical treatment interruption in the SIV model, but until now, it was not clear if the timing of ART initiation influences the quality of neutralizing antibody responses. Interestingly, our data showed that ART impinged on the neutralizing function of antibody responses. We show that early ART initiation during the hyperacute phase of infection (day 3 ART) resulted in a greater than 3000-fold reduction in neutralizing antibody responses. Nevertheless, these responses became similar to untreated controls after treatment interruption. Previous studies have demonstrated that a subset of HIV-infected individuals develops broadly neutralizing antibodies against heterologous viral variants, induced following multiple rounds of germinal centre reactions after many years of uncontrolled HIV infection. [33] [34] [35] [36] [37] [38] [39] Such broadly neutralizing antibody responses that recognize heterologous viruses cannot be induced by candidate HIV vaccines, probably because of the limited antigen diversity and antigen load present in candidate HIV vaccines. 31, [40] [41] [42] Nevertheless, we have previously demonstrated that autologous viral neutralization can be enhanced by increasing vaccine dose. 31 Immunization of macaques with escalating doses of SIV vaccines resulted in a significant dose-dependent increase in autologous SIV-specific neutralizing antibody responses, suggesting a direct correlation between antigen load and induction of autologous neutralization. 31 Notwithstanding, we did not observe further increase in autologous neutralizing antibody responses after repetitive boosting with the same vaccine vector, whereas repetitive boosting did result in an increase in binding antibodies by enzyme-linked immunosorbent assay. This demonstrated that antibody neutralization titres and antibody binding titres are not always directly correlated. Similar to our T-cell data, our antibody data suggest the benefit of therapeutic vaccination approaches to provide the necessary antigen stimulation to induce and maintain virus-specific immune responses in the setting of a suppressed viral infection.
Taken together, these data suggest some of the limitations of current ART for the treatment of chronic HIV infection. Although ART can result in undetectable viral loads, preservation of immune function and improved clinical outcomes, it could also affect the differentiation and function of virus-specific immune responses. Our data are important for the development of HIV cure and eradication strategies. Future studies will address how therapeutic vaccination administered during ART influences the quality of the virus-specific immune response, and how these changes correlate with enhanced control or clearance of the viral reservoir.
